Introduction

Impacts of food waste
Food waste is defined as wholesome edible material intended for human consumption arising at any point in the food supply chain that is instead discarded, lost, degraded or consumed by pests. The average consumer in Europe and North-America throws away ca. 100 kg of food per year according to a new report published by the UN's Food and Agriculture Organization (Annual report of FAO, 2011 & Parfitt et al., 2010 . The study centers on food loss and food waste during the whole supply chain from production to consumption and finds that around "one-third of the edible parts of food produced for human consumption gets lost or wasted globally" representing about 1.3 billion ton per year. Around 20% of about 50 metric tons of waste that is generated annually in Japan is high moisture content refuse from kitchens and the food industries. The social, economic and environmental impacts of food waste are enormous. Such wastes readily decompose, generate odors, and sometimes cause illnesses. Municipal solid wastes including food waste are usually incinerated or land filled which ultimately generates many problems such as liberation of harmful compounds like dioxin and furans (Addink & Olie, 1995) . Incineration facilities can be damaged by temperature fluctuations when food waste with high water content is burned in semi continuous process. In addition, it is difficult to recover energy from such waste incineration processes because the heating value of food waste is low (Harrison et al., 2000) . This requires frequent and periodic collection and treatment of waste i.e. irrespective of their values. When excess food waste is disposed of in a landfill, it decomposes and is a significant source of methane gas, which is h i g h l y e f f e c t i v e a t t r a p p i n g h e a t i n t h e a t m o s p h e r e t h a n C O 2 (Camobreco et al., 1999) . Annually, food waste in the United States accounted for slightly more than 100 metric tons of methane originating from landfills. At the European level, the overall environmental impact is at least 170 metric tons of CO 2 emitted annually.
In this regard, the significance is considered as an important concept for aiming at the formation of the recycle-oriented society. Accordingly, untreated food waste contributes to excess consumption of freshwater and fossil fuels which, along with methane and CO 2 emissions from decomposing food, impacts global climate change. The prompt implementation of total recycling system can play a beneficial role in the utilization of municipal waste.
The design of this system can be conducted considering not only to the environmental impacts and energy increase in the recycling but also to the best economical efficiency as sustainable bio-based materials. So, management of municipal solid waste including kitchen waste via microbiological processes improves these wastes and reduces the need for both landfill space and fuel used in waste incineration. Direct composting and methane fermentation, which produce fertilizers and biogas, are alternative ways to reuse food waste but these processes have been applied only in rural areas. On the other hand, it has been found that municipal food waste is nutritious substratum for natural lactic acid bacteria (Sakai et al., 2000b) . This finding indicated another reuse route of food waste, suitable for urban areas. Table 1 . Food waste recycling generated in Kitakyushu-City, Japan.
According to the report of Shirai & Sakai (2006) , food waste collected from each town sectors of Kitakyushu-city of Japan, as shown in Table 1 above, accumulated 7.4 tons of sugar per year (7.4 t/y) out of which consisted 80% glucose after the treatment with very low concentration of enzyme. Further, the overall glucose generated from the food waste from house kitchen is shown in Table 2 
Bio-economy system
Today's industrial economy is largely dependent on petroleum oil which provides the basis of most of our energy and chemical feedstock. There is increasing concern over the impact of these traditional manufacturing processes on the environment. Therefore, considering to the resource materials' exhaustion, we need to substantially reduce our dependence in the petroleum feedstock by establishing a bio-based economy. The bio-economy is the sustainable production and conversion of biomass for a range of food, pharmaceuticals, fiber and industrial products, and energy. In it, the renewable biomass encompasses any biological material to be used as raw material (KBBE, 2010) . It helps to:
increase the scientific understanding of biomass resources and improve the tailoring of those resources; improve sustainable systems to develop, harvest and process biomass resources; improve efficiency and performance in conversion and distribution processes and technologies for the development of bio-based products; create the regulatory and market environment necessary for sustainable development and the use of bio-based products (Fig.  1 ). Bio-based products are virtually similar to their petroleum-based counterparts but they are manufactured from renewable resources (Kamm et al., 2005) .
Generally biomass resources are strategic plant biomass rich in sugar (corn, rice, cassava, cane, beet etc) and oil (oil palm). To establish bio-economy, it is prerequisite to avoid confliction with food, cultivation field and deforestation. There are also important biomass resources in residues from agriculture and forestry including both wet and dry waste materials, for instance, sewage sludge and municipal solid waste. One of the pillars of bioeconomy system is the systematic conversion of biomass resources i.e. bio-refinery ( Fig. 1) . Similarly, the increased production of bio-fuels, especially biodiesel from the transesterification of fats and oils from oil plants (Palm, Soybean, Jatropha etc), is making glycerin a cheap organic material. Basically, conversion of these biomass resources to useful sustainable products includes two general pathways: thermo-chemical and bio-chemical conversion pathways. Briefly, biochemical conversion pathways use microorganisms to convert biomass resources into methane, hydrogen gas, and organic acid or simple alcohols usually in combination with some mechanical or chemical pre-treatment step. Substantial research effort has been expended to make this a raw material for various organic chemicals. Not the least of these is material that can be used in various thermoplastic and thermo-set polymers. Equally important, succinic acid, a biomass derived product posits its large potential for a variety of applications. This dicarboxylic acid can be converted to a huge amount of green chemical of industrial value, such as polyesters (derived from succinic acid and butandiol) which is used for soft plastics.
Poly-L-lactic acid
Lactic acid
Lactic acid has both hydroxyl and carboxyl groups with one chiral carbon atom existing in two stereoisomers L-and D-lactic acid, and it is widely used in the food, pharmaceutical, and general chemical industries (Sakai et al., 2001) . The L form differs from the D form in its effect on polarized light. For L-lactic acid, the plane is rotated in a clockwise (dextro) direction; whereas, the D form rotates the plane in an anticlockwise (laevo) direction. Basically, the chemical synthesis only produces the racemic mixture of the L (+) and D (-) enantiomers, while microbial fermentation using biomass resources has the advantage of producing optically pure L(+)-or D(-)-lactic acid (Hafvendahl & Hagerdal, 2000) . Among basic compounds from biomass, lactic acid is relatively unique C-3 compound obtained from C-6 glucose without any oxidation-reduction of the carbon atoms. Lactic acid can be polymerized to form the biodegradable and recyclable polyester poly-lactic acid which is considered a potential substitute for plastics manufactured from petroleum (Ohara & Sawa, 1994) . No doubt, we are subsequently focusing on the production of lactic acid with high optical purity from food waste (kitchen refuse).
Optical purity is measured as;
where [L] denotes to the concentration of L-lactic acid and [D] to that of D-lactic acid.
We found that food waste collected from commercial sectors such as retail store, convenience store, college and university contained high amount of total sugars (129g/kg) as shown in Table 1 and 2 (Shirai & Sakai, 2006) . They are mainly starch and can easily be converted to glucose enzymatically (82g/kg). Subsequently, for the production of lactic acid generating glucose from the food refuse was subjected to the fermentation using Lactobacillus rhamnosus which produces high amount of L-lactic acid (Sakai et al., 2004a, Fig.2) . Considerably, the rate of lactic acid production was more than 85% which was satisfactory with the highest yield. 
Poly-lactic acid from food waste
Poly lactic acid (PLA) is thermoplastic aliphatic polyester synthesized from L-or D-Lactic acid (Fig.4 ). Highly optical pure L-or D-lactic acid is necessary to obtain high crystalline poly-lactic acid which leads to the high strength, chemical and heat resistances of the polymers. PLA polymers range from amorphous glassy polymers with a glass transition of 58°C to semi-crystalline/ highly crystalline products with crystalline melting points ranging from 130°C to 180°C.
We propose a novel recycling system for municipal food waste that combines fermentation and chemical processes to produce high-quality poly-L-lactate (PLLA) biodegradable plastics (Fig. 5 ). The process consists of removal of endogenous D-or L-lactic acid from minced food waste by a Propionibacterium, L-lactic acid fermentation under semisolid conditions, L-lactic acid purification via butyl esterification, and L-lactic acid polymerization via LL-lactide. The total design of the process enables a high yield of PLLA with high optical activity (i.e., a high proportion of optical isomers) and novel recycling of all materials produced at each step with energy savings and minimal emissions. Approximately, 50% of the total carbon was removed mostly as L-lactic acid and 100 kg of collected food waste yielded 7.0 kg PLLA. The physical properties of the PLLA yielded in this manner were comparable to those of PLLA generated from commercially available L-lactic acid ( Table 4) . Evaluation of the process is also discussed from the viewpoints of material and energy balances and environmental impacts ( Fig. 5 ).
Although the ester bond of poly-L-lactate (PLLA) is susceptible to some enzymes, including proteinases and lipases, and PLLA has been recognized as a biodegradable plastic (Sakai et al., 2001) , its biodegradation in soil is rather slow and it depends on morphology and thickness (Miyazaki & Harano, 2001) . Therefore, PLLA may better be developed as a chemically recyclable plastic with an appropriate collection system for the used materials but not as a single-use plastic (Nishida et al., 2004) . The proposed PLLA process has an energy advantage over even the general poly-lactide process because the feedstock is totally food waste. In the process with corn starch, nearly 30% of gross fossil energy use goes into producing and processing corn to provide dextrose to feed the lactic acid fermentation. Since the feedstock to the proposed PLLA process is food waste that must otherwise be disposed of, the only upstream fossil energy allocated to the production of PLLA would be that required for collection of the separated waste (Sakai, 2004b (Sakai, , 2007 . The material balance and energy requirements of the total process are summarized in Table 5 . The overall experimental process yielded 68.8 g PLLA from 1 kg food waste (1.0 kg PLLA/14.6 kg food waste). This means that 34% of total carbon in the food waste was recovered as PLLA.
Monomers and Dimers
In comparison, the first commercial PLLA plant operated by Cargill Dow Polymers reportedly requires gross fossil process energy of 39.5 MJ/kg (Vink et al., 2003) . Meanwhile, the process energy required for production of bottle grade polyethylene terephthalate (PET) and highdensity polyethylene (HDPE) using petrochemicals is 27 MJ/kg and 23 MJ/kg respectively (Boustead, 2002) . Furthermore, the process was designed to have low environmental impact. The fermentation residue is rich in nitrogen (C/N=6.5; concentrations of N, P and K were 75, 2.6, and 0.7 mg/g dry matter respectively) reduced in weight to 14% of the untreated food waste, and the precipitated residue produced at the esterification step contains high concentrations of phosphorus and potassium (C/N = 7.7; concentrations of N, P and K were 39, 28, and 23 mg/g dry matter respectively). These stable residues were confirmed to be useful fertilizers (Mori et al., 2008) . Condensed water, ammonia, and butanol were reused during the process. Consequently, nearly all materials are converted to valuable resources or recycled in the process. As the production energy required is comparable to that required in the PLLA process using maize, we have been trying to improve the process especially to reduce energy required at the process of lactic acid fermentation as described below.
Besides recycling process of municipal food waste using mesophile (L. rhamnosus), the prompt utilization of its biomass as a feed additive for the animals was also proceeded to fulfill the zero emission concept (Umeki, 2004 (Umeki, , 2005 . 
Items
Microorganisms for lactic acid production (MLAP)
Lactic acid bacteria (LAB)
The term lactic acid bacteria (LAB) means bacterial group that produces lactic acid as the major metabolite, and is used in different meaning from microorganism for lactic acid production (MLAP): they are gram-positive, acid tolerant, non-sporulating, non-respiring rod or cocci with low-GC content, able to produce L-type, D-type, or, L/D lactic acid as the major metabolic end product (more than 50%). Maximum growth temperature of it is up to 43°C. The core genera of LAB are Lactobacillus, Leuconostoc, Pediococcus, Lactococcus, and Streptococcus a s w e l l a s t h e m o r e p e r i p h e r a l Aerococcus, Carnobacterium, Enterococcus, Oenococcus, Teragenococcus, Vagococcus, and Weisella belonging to the order Lactobacillales. Lactobacillus rhamnosus has been reported for L-lactic production from kitchen refuse (Sakai et al., 2004b) . Similarly, Oh et al., (2005) used strains of Enterococcus faecalis for the lactic acid production from sterilized wheat hydrolysates. On the other hand, microorganism which produces high amount L-lactic acid and is used for industrial lactic acid production (MLAP) distributed in more variety of genera in bacteria, yeast, and fungi.
Non-LAB
As non-LAB, Rhizopus oryzae, R. microsporus, Bacillus subtilis, B. coagulans has been used for L-lactic acid production (Miura et al., 2003 , Ohara et al., 1996 & Sakai et al., 2006c . Particularly, optically active L-lactic acid production from Rhizopus oryzae strains is significant (Miura et al., 2003) . Industrial production of L-lactic acid using Rhizopus sps. has several advantages over using lactic acid bacteria (LAB). The fungus only produces L-lactic acid, while LAB frequently produces the D-isomers as well. Therefore, the optical purity of L-lactic acid produced from the fungus is relatively higher than that from LAB. L-lactic acid production has been reported in only the R. oryzae group. In addition, variety of studies on construction of lactic acid-producing Escherichia coli and Saccharomyces cerevisiae by genetic engineering have been reported (Sakai, 2008) .These strains would be promising for the industrial production under strictly closed sterilized fermentation using certain purified substrate sugar. According to Kitpreechavanich et al., (2008) , a thermotolerant Rhizopus strain which is capable of producing L-lactic acid from starch substrate was identified as R. microsporus (Fig. 6 ).
Thermophilic/thermotolerant bacteria MLAP
The term 'thermophilic' has been progressively more restricted to organisms which can grow or form products at temperatures between 45°C and 70°C with optimal 60°C (Madison et al., 2009). Dijkhuizen & Arfan (1990) , reported that thermotolerant organisms grow at temperature between 35°C and 60°C with optimal 50°C -55°C. Thermophilic bacteria are common in soil, compost and volcanic habitats and have a limited species composition (Zeikus, 1979) .
Meantime, we have found that several thermotolerant/thermophilic bacterial species in Bacillaceae are able to produce certain amount of optically active L-lactic acid (Table 7) . Compared to Lactobacilli and Lactococci; Bacillus species generally show interesting microbial properties. Most of them are basically aerobic and they form spores under certain environmental conditions. They do not produce D-lactic acid. Some of them show growth limitation at temperatures around 70°C. Some species produce polysaccharide-hydrolyzing enzymes such as amylase, chitinase, or xylanase. Many strains ferment glycerol, Dgalactose, D-fructose, D-xylose, sucrose, cellobiose as well as starch which are constituent sugars in food and agricultural waste. Therefore, not only the characteristics of this bacterium are quite suitable for the bioconversion of starch from food waste but also it would be applicable to other agricultural wastes.
Thermotolerant strain Bacillus licheniformis has been explored for the L-lactic acid production from standard kitchen refuse under open condition i.e. 40g/l L-lactic acid with 97% optical activity and 2.5g/l.h productivity (Sakai & Yamanami 2006b) . Moreover, thermophilic bacterium Bacillus coagulans is quite useful for producing optically active L-lactic acid from non-steriled kitchen refuse (Sakai & Ezaki, 2006c Fig. 7 . Fig. 7 . Effect of temperature on growth of B. coagulans and L. plantarum 5. Open fermentation for total recycle of food waste
Merits of open fermentation
Nonsterile open fermentation has various merits over conventional sterilized and closed fermentations. For example, it requires no facilities for sterilization and no steam for autoclaving. Thus, nonsterile open fermentation of kitchen refuse could be implemented at onsite storage facilities for municipal food waste before the waste is transported to centralized processing plants. Because autoclaving is avoided, substrate sugars and other nutritional constituents required for lactic acid fermentation remain intact. The Maillard reaction, for instance, not only decreases the amount of available sugars and amino acids but also produces unfavorable furfural compounds that inhibit bacterial growth. In addition, food waste is unsuitable for filter sterilization or separate autoclaving of substrate from other medium constituents. Nonsterile open fermentation avoids these complications; however, the optical purity of accumulated lactic acid from such fermentation at room temperature is low (Sakai & Ezaki, 2006c) . This type of natural lactic acid fermentation also occurs during the collection and storage of municipal kitchen refuses (Sakai et al., 2004b) . On the other hand, the thermophilic bacterium Bacillus coagulans is useful for producing optically active L-lactic acid from kitchen refuse under nonsterile condition (Heriban et al., 1993) .
Mesothermal recycle of food waste
During the investigation of open fermentation at atmospheric temperature, we found that naturally-existed mesophile Lactobacillus plantarum preferentially proliferated and selectively accumulated lactic acid in non-sterile kitchen refuse (food waste) under pH swing control (intermittent pH adjustment) ( Table 6 ). Despite the reproducible and selective proliferation of the species, this strain produced both L-and D-lactic acid with nearly equal racemic body ratio. As optically inactive lactic acid is not suitable for high-quality of PLA, we tried to improve the optical activity by inoculating L. rhamnosus or Lactococcus lactis which are Llactic acid producing LAB. But this kind of open fermentation also resulted proliferation of naturally existed L. plantarum and accumulation of lactic acid with low optical activity. In comparison, Frederico et al., (1994) also reported that L. plantarum accumulated low amount of lactic acid during the fermentation of fruit juice under sterilized condition. As shown in Table 6 (Run 1-1 to 1-5), the amount of accumulated lactic acid varied according to the intervals of pH adjustment, and maximum accumulation was observed with pH adjustment of 6hour (6h) or 12h. a) MKR samples of runs 1-1 to 1-5 and runs 2-6 to 2-9 were differently prepared. b) Interval of intermittent pH adjustment. c) Average production rate of lactic acid to reach maximum concentration. d) Maximum concentration of lactic acid accumulated. e) Ratio of accumulation of lactic acid to total organic acids f) MKR paste was adjusted at pH 7.0 initially and incubated without pH adjustment. g) No pH change was observed 
Molecular monitoring of bacteria during recycle of food waste
From the very nature of a thing, non-sterilized fermentation process generally proceeds under a mixed culture condition. We have repeatedly isolated and identified the microbial structure during the course of open fermentation of kitchen refuse. Meantime, we cultivated, purified and characterized several microbial isolates, which counts laborious and time-consuming, and only predominant cultivable species can be identified. Therefore, we applied 16SrRNA-targeted fluorescence in-situ hybridization (FISH) to analyze the microbial population during open lactic acid fermentation (Sakai et al., 2004a, Fig. 8) . For this, we designed probes for monitoring non-sterilized open fermentation of kitchen refuse such as a LAB group specific probe (LAC722) and a B. coagulans specific probe (Bcoa191). Similarly, specificity of Bcoa191 probe for B. coagulans in whole-cell hybridization of the new probe was confirmed B. coagulans, and differentiated the species from other bacteria as shown is Fig. 9 (Sakai & Ezaki, 2006c) . shown (Sakai & Ezaki, 2006c) .
Thermotolerant MLAP in total recycle of food waste
As shown in Table 6 , the L-lactic production rate and optical purity of mesophilic lactic acid bacteria was low. We, furthermore, tried to use the thermotolerant Bacillus species for the total utilization of food waste for PLA production and its biomass utilization. Production of lactic acid by some Bacillus species, including Bacillus coagulans, Bacillus stearothermophilus, Bacillus subtilis and Bacillus licheniformis, had already been reported (Bischoff et al., 2010 , Heriban et al., 1993 Ohara & Yahata, 1996; Sakai & Yamanami, 2006b) .
Recently, we isolated and identified novel thermotolerant Bacillus species from the mixed culture system. We, subsequently, used these strains for L-lactic acid production from the food waste. During the total utilization of food waste, the conditions for the fermentation of food waste were optimized as described previously (Sakai, 2006a . Interestingly, novel thermotolerant strains B. soli U4-3 & U4-6 and B. subtilis N3-9 produced high amount of L-lactic acid within 6 hours of fermentation at 50°C with cent percent optical purity. Llactic acid production profile is shown in Table 7 below. Meantime, L-lactic acid produced was further used for the PLA production which is one of the instances in total recycle of food waste. In general, for the commercial production of poly-L-lactic acid plastic from biomass wastes, a feasible fermentation process to produce optically active L-lactic acid is required (Sakai, 2004a (Sakai, , 2004b (Sakai, , 2006d . By using collected kitchen refuse, saccharified liquid containing 117g/l soluble sugar was obtained (Table 8 ). This figure is fairly representative of collected kitchen refuse (Table 2) . Following the incubation with B. coagulans at 55°C, pH 6.5, 86g/l L-lactic acid with 97% optical purity was produced under non-sterile conditions. The yields of total lactic acid from total carbon and total sugar were 53% and 98% respectively. These figures are comparable to those achieved by L. rhamnosus incubation using sterilized collected kitchen refuse (Fig.10) . Table 8 . Summary of open and closed fermentation of kitchen refuse using mesophile and thermophile.
Conclusions and future prospective
The majority of the worldwide industrial economics are now largely dependent on petroleum oil which provide basis for most all of our energy and chemical feedstock. Meanwhile, there is increasingly concern over the impact of these traditional manufacturing processes or the environment, i.e. the effect of CO 2 emissions on global warming as well as exhaustion of fossil resources. In order to maintain the world population in terms of food, fuel, and organic chemicals, we need to substantially reduce our dependence on petroleum feedstock by establishing a bio-based economy.
Principally, production and harvest of biomass plant is neither self-sustained nor environmentally friendly. It is a harvesting-out process of nutritious compound from field. Food waste and wastewaters, further, are unavoidably produced to pollute environment. So that, the total system design for recycle of all elements, not only carbon as neutral but also including nitrogen, potassium and phosphorus, is important for sustainable biomass production. Cascade utilization of biobased-products and recycle of biomaterials in a waste stream and wastewater, is another key technology for carbon sequestration and for the sustainable production-utilization system like metabolic network in human body.
We human beings are keeping our body function to be active by taking into the energy and chemicals as food. At the same time, we continuously use over half of total energy at our liver and pancreas, organs working in catabolism cleaning up our blood and recovering metabolites to maintain our body functions healthy. Treatment and utilization of waste materials may be compared with recycle of biomolecules via venous blood stream. In this context, our society has to further enrich the quality and quantity of 'venous industry' to treat waste and recover resources from them sustaining our society to be healthy.
Here, we present a total recycle system of food waste via chemical production with energy and facility savings and minimal emissions from waste materials. It should be further investigated to trait by improving the leading case study in 'Bio-economy system'. The challenge of the next decade will be to develop zero-emission bio-based environmentally friendly products from geographically distributed feedstock and worldwide generated food waste by simultaneous reduction of pollution indeed.
